In terrestrial habitats, bacteria reside on soil matrices or plant surfaces as aggregates of cells, or microcolonies, that are frequently enmeshed in exopolymeric substances of their own making and can be described as biofilms (1, 5, 19, 23) . These biofilms are commonly unsaturated, although water films, which vary in thickness depending on the environmental conditions, surround them. In a saturated system, the water potential is comprised almost exclusively of the solute potential (24) . However, under unsaturated conditions, water availability is influenced by both the solute and matric potentials (24) . The difference between these two stresses is that with a solute stress, bacteria are bathed in water of diminished activity but that with a matric stress, bacteria are dehydrated due to low water contents and the availability of the water is reduced through its interaction with the matrix. Under normal conditions, soil bacteria experience significant matric stress (12) .
In aquatic systems, channels in the biofilm act as conduits for waste removal and nutrient supply (34) . Under low-shear laminar flow, Pseudomonas aeruginosa PAO1 biofilms consist of a monolayer of cells with mound-shaped, circular microcolonies, but under high-shear turbulent flow, PAO1 biofilms consist of filamentous streamers (8, 14, 25) . The development of this complex architecture is influenced by hydrodynamics, nutrient composition, and biological properties such as quorum sensing, extracellular polysaccharide (EPS) production, and motility (8) . In unsaturated habitats, the lack of laminar fluid flow dramatically influences nutrient availability patterns, metabolic-waste accumulation and disposal, and the accumulation of cell-signaling molecules and, consequently, biofilm architecture.
Atomic-force microscopy of fresh and desiccated Pseudomonas putida biofilms revealed that drying had little effect on physical morphology and surface properties (1) . However, those studies focused on fully developed, mature biofilms that were then dried. In many ways, the growth of bacteria on agar surfaces better approximates the conditions that bacteria experience in many unsaturated habitats; they are able to acquire nutrients from the underlying matrix and from a relatively thin water film covering the biofilm. Examination of the organization of cells within colonies grown on agar surfaces has revealed the importance of cell-cell interactions and that cells within a colony assume particular organizational patterns with unique gene expression patterns (9, 21, (27) (28) (29) (30) .
The purpose of the study reported here was to characterize the effect of reduced water availability on the development and ultrastructural properties of unsaturated P. putida mt-2 biofilms. We monitored biofilm development under static conditions in real time using an experimental system that we developed for visualizing microcolony formation on a solid surface by confocal scanning laser microscopy (CSLM) and epifluorescence microscopy. In order to visualize unsaturated biofilms, we tagged P. putida mt-2 with the green fluorescent protein by transferring a stable, broad-host-range plasmid pPROBE-KT (18) containing the gfp gene fused to the constitutive neomycin-phosphotransferase (P nptII ) promoter. We used a permeating solute (NaCl, KCl, sucrose, polyethylene glycol 200 [PEG 200; i.e., a PEG with a molecular weight of 200]) and a nonpermeating solute (PEG 8000) to simulate the solute and matric components of the soil water potential, respectively, as described previously (11, 12) . Bacteria were cultivated on 50%-strength Luria-Bertani solid medium without NaCl and amended with (per liter) 1 g of MgSO 4 ⅐ 7H 2 O, 1.38 g of KH 2 PO 4 , 0.2 g of calcofluor white (Sigma Chemical Co., St. Louis, Mo.), 40 ml of Hutner's mineral solution (32) , and 8 g of phytagel gellan gum (Sigma Chemical Co.).
We developed a chamber system (2.5 [width] by 7.5 [length] by 0.5 [diameter] cm) composed of black Delrin plastic in which biofilms grew on a thin layer of solid medium (0.2-to 0.3-mm thick) on a coverslip placed over a reservoir (1.4 by 3.5 by 0.3 cm) filled with the appropriate medium to maintain the desired relative humidity. The coverslip was placed medium side down onto the chamber after the coverslip was inoculated with a 1-l aliquot containing 10 to 20 cells of a diluted 24-hold plate culture, which spread to create a 3-to 5-mm-diameter spot. The coverslip was taped to the chamber surface, inverted, and incubated at 27°C. When the 100ϫ lens objective was used, the coverslip was removed, inverted, and taped to a slide and then another coverslip was gently placed over the tape to cover the biofilm with minimal, if any, disturbance.
P. putida unsaturated biofilm formation proceeds in an organized fashion through early, intermediate, and maturation phases of development that are influenced by the type and severity of reduced water availability. Similar distinct developmental phases have been reported for the biofilm formation of many microorganisms in fully hydrated static and flowthrough systems (3, 7, 23) , although the natures of these phases were distinct in the unsaturated biofilms studied here. Below we discuss our findings in the context of each developmental phase.
Early phase. The early phase includes an acclimation period before visible growth, and these periods were, for example, as much as 6-and 12-fold longer at water potentials of Ϫ1.0 MPa or lower in the NaCl-and PEG 8000-treated samples, respectively. Cell size changes occurring during this acclimation period were specific to the type and severity of reduced water availability, ultimately influencing biofilm development and ultrastructure. In the PEG 8000-treated samples at water potentials lower than Ϫ0.25 MPa, there were 50 to 60% reductions in cell length ( Fig. 1A and E to I) that did not change with decreasing water potentials, suggesting that there was a threshold level of dehydration at which cell shrinkage occurs, possibly at an optimal surface-to-volume ratio. Cell size decreased by 25% in the PEG 200-treated biofilms ( Fig. 1K to L), whereas the proportion of the cell population in a microcolony that was filamented (cells at least eight times longer than normal) increased from 3.4% Ϯ 0.8% (mean Ϯ standard error of the mean; number of colonies, 16 to 23) in the unamended and PEG 200-treated samples (Fig. 1L ) to 66.1% Ϯ 3.0% and 100% in the NaCl-treated samples with water potentials of Ϫ1.0-and Ϫ1.5-MPa (Fig. 1N ), respectively. Filamented cells were not detected in any of the PEG 8000-treated samples at water potentials lower than Ϫ0.25 MPa. Bacterial filamentation has been observed in response to nutrient deprivation, low temperature, and high osmolarity (15, 17, 31, 33) . Although the mechanism for filamentation in our study was unknown, it is possible that ionic solutes interfere with the production or action of cell division proteins involved in septation, while permitting biomass increases. Cell doubling times, as determined by monitoring the number of cells in a microcolony over the first 12 h, were 14 to 27% longer in the PEG 8000-and PEG 200-treated samples at water potentials of Ϫ1.0 MPa or lower than in the unamended samples.
Intermediate phase. The early-to-intermediate phase is comprised of the rapid growth of the rod-shaped cells parallel EFD-3 epifluorescence microscope with a fluorescein isothiocyanate filter set, and images were taken with a charge-coupled device camera (SPOT camera; Diagnostic Instruments, Sterling Heights, Mich.) or a Leica TCS-NT CSLM equipped with UV and argon lasers (excitation ϭ 365 and 488 nm, respectively) for visualization of calcofluor white-stained EPS (emission ϭ 425 nm, short-cut filter) and green fluorescent protein (fluorescein isothiocyanate filter set) and collected by using a multitrack mode. to the nutrient-containing surface (Fig. 1A to C, E, F, H, I, and K to N); this orientation likely maximizes the surface area for nutrient and waste diffusion into and out of the cell. Except for the occasional presence of filamented cells, morphology was relatively constant during this phase. The type and severity of reduced water availability influenced the nature of the radial expansion of the microcolony. There was great heterogeneity in the patterns of cell alignment, and each colony harbors within it a pattern related to the biofilm developmental history initiated during this phase. On the unamended and PEG 200-treated samples, cells initially formed elongated, curved microcolonies ( Fig. 1A and K) , and by 12 h, the microcolony center was usually a brighter green than the leading edges, which consisted of tightly clustered arrays of cells protruding from the microcolony that occasionally extended towards other microcolonies or the microcolony from which it emerged (Fig. 1B to D, L, M, and O). Dynamics of microcolony development by nonfilamented cells in the PEG 200-, NaCl-, and Ϫ0.25-MPa-water-potential PEG 8000-treated samples were similar to those of the unamended samples, except that there were fewer growth projections away from the colony center, and those that did form were shorter, rounder, and rarely made contact with neighboring microcolonies (Fig. 1M) . At water potentials lower than Ϫ0.25 MPa in the PEG 8000-treated samples, microcolonies were no longer elongated, but instead there was a more uniform radial expansion from the colony center (Fig. 1F to J) . Occasionally, circular, rather than rod-shaped, bright green fluorescent cells were visible in the center of a colony (Fig.  1H) . Microcolonies derived from filamented cells in the NaCltreated samples did not have protrusions extending from the colony, but instead the filamented cells were tightly wrapped around and over themselves in a cluster (Fig. 1N) . The rate of colony expansion was reflected by cell doubling times and length. Microcolony surface areas in the ionic-and nonionicsolute-treated samples were comparable to those in the unamended samples after 4 days yet substantially smaller in the PEG 8000-treated samples (Table 1 and data not shown).
Maturation phase. The maturation phase begins 9 to 12 h into microcolony formation when the colonies assume a more complex, three-dimensional organization. A highly organized pattern of circular cells packed in an orderly array was observed in the x-y sections from the top of the microcolony to the surface of the substratum in the unamended samples ( Fig.  2A) . This pattern was consistently observed in all sections except at the periphery of the microcolony. Since P. putida is a rod-shaped organism, the consistently circular shapes of bacterial cells throughout the depth of the biofilms on the unamended medium suggested that the rod-shaped cells were arranged perpendicular to the surface. In the center of the microcolonies, cell density was generally the same at all depths (Table 1) . Approximately 22% of the biofilm volume contained calcofluor-stained extracellular carbohydrates (Table 1) . Cells at the edges were generally arranged parallel to the surface, as was observed during early periods of microcolony development (Fig. 1C) .
In the Ϫ1.5-MPa water potential, NaCl-treated sample there was a mixture of circular and oval cells (Fig. 2B) at a much lower density than in the unamended treatment (Table 1) . We occasionally observed filamented cells that snaked their way through several sagital sections (data not shown). The presence of a mixture of filamented and typical rod-shaped cells suggests that some of the filamented cells were capable of fragmentation by septation during microcolony maturation. This fragmentation produces a population of ordinary-sized and filamented cells, which may explain the less orderly cell arrangement ( Fig. 2A and B) . In the Ϫ1.5-MPa water potential, PEG 8000-treated samples, heterogeneously distributed aggregates of small, circular cells were frequently adjacent to large regions devoid of cells (Fig. 2C) , resulting in a lower cell d The height from the substratum to the top of biofilm. Values were derived from nine random height measurements of three to eight x-y projections of a stacked series of x-y plane CSLM images.
e The thickness of the calcofluor-stained layer from the top of the biofilm to the air interface. Values were derived from the images used for the biofilm cell height measurements.
density and a greater porosity (more cell-free areas) than in the unamended and Ϫ1.5-MPa water potential, NaCl-treated samples (Table 1) .
Cell organization in the x-z plane shows that cells were generally arranged perpendicular to the surface in a columnar fashion throughout the depth of the microcolony (Fig. 2D to  F) . This change in cell orientation may occur in response to physical crowding or by surface appendages like polar type IV pili that mediate twitching motility (20) . Once oriented vertically, cell growth and reproduction can proceed, which may explain our observation that cells were stacked pole to pole, two or more cells high almost directly on top of each other ( Fig. 2D and E) . Microcolony heights were comparable in the unamended and Ϫ1.5-MPa water potential, NaCl-treated samples and did not change over time but increased over time in the Ϫ1.5-MPa water potential, PEG 8000-treated samples (Table 1), resulting in stacks of six to nine cells in a column (Fig.  2F) . In the Ϫ1.5-MPa water potential, PEG 8000-treated sample, cell-free regions of only one or two cell diameters in width containing EPS (Fig. 2F and H) spanned the height of the microcolony. The more heterogeneous distribution of cells in the Ϫ1.5-MPa water potential, PEG 8000-treated samples may create chemical gradients due to the greater tortuosity of diffusional paths around the cells, and such gradients may alter biofilm properties.
Similar arrangements of cells have been observed in colonies of various bacterial species grown on agar (9, 28) as well as in aquatic biofilms formed in flowthrough systems (6, 16) . The similarity in microcolony architecture in unsaturated and saturated flowthrough biofilm systems formed by various bacterial species suggests that this pattern may be a general phenomenon reflecting growth and fitness advantages to social interactions. In other studies, cells at the bottom of unsaturated Pseudomonas biofilms were observed to be parallel rather than perpendicular to the membrane surface (1, 33) , and this difference may have resulted from cultivating biofilms on a nylon membrane or from the manner in which they were prepared for atomic-force microscopy.
EPS localization. Most of the calcofluor-stained material ( Fig. 2G and H) was localized at the biofilm-air interface, and EPS thickness was highly variable within a treatment and greatest in the Ϫ1.5-MPa water potential, PEG 8000-treated sample (Table 1) , although it generally comprised roughly only 20% of the total biofilm height in any treatment. We observed increased EPS production in response to cellular dehydration imposed by the PEG 8000 treatment, but not in response to increases in osmolarity (unpublished data). EPS viscosity is likely greater in the Ϫ1.5-MPa water potential, PEG 8000-treated sample than in the unamended samples due to the combined effect of increased EPS production, reduced water content, and reduced microcolony biovolume. Although the chemical composition of the calcofluor-stained EPS produced by P. putida mt-2 is unknown, the genomic sequence of P. putida KT2440 has revealed a novel EPS biosynthetic operon, a nearly complete alginate biosynthetic pathway, and a possible cellulose biosynthesis operon (20) . Our unpublished findings demonstrate that P. putida mt-2 produces a uronic acid-containing EPS, presumably alginate, in the PEG 8000-treated samples with a water potential lower than Ϫ0.5 MPa, although it is clear that it is not the only, or the primary, EPS synthesized. For some bacterial species, EPS production is required for surface attachment and for the characteristic biofilm architecture in saturated systems (6, 22, 23, 35) , and its overproduction can lead to altered microcolony development and biofilm properties (13) . The role, if any, of these EPSs in unsaturated biofilm formation or maintenance needs to be explored more completely.
Summary. The extent to which bacteria colonize soil or plant surfaces as biofilm communities rather than as individuals is not well understood, but several reports have demonstrated the presence of biofilms in natural habitats (10, 19) and particularly on roots grown in soil containing introduced bacteria (2, 4, 26) . Biofilms isolated from leaf surfaces may be tens of micrometers thick, have a copious exopolymeric matrix, form extensive networks several millimeters long, and contain several thousand or more cells (19) . In this study, microcolonies in the unamended treatment were typically 175-to 250-m across, 6-m thick, and contained 9.4 ϫ 10 4 to 1.5 ϫ 10 5 cells per microcolony, assuming a density of 115 cells/100 m 2 and a thickness of two to three cell layers, which are comparable to the densities and thicknesses of larger biofilms isolated from leaf surfaces (10, 19) . The conditions that we used may not have been optimal for the synthesis of an exopolymeric matrix that is copious or complex enough to reflect those found in nature.
Bacterial biofilm formation under unsaturated conditions is a multistage process that is influenced by the availability of water. Reduced water availability affects cell growth morphologies, growth rates, and cellular physiology, all of which influence biofilm development and properties. Further studies should examine biofilm development by other organisms under conditions more accurately reflecting in situ conditions to reveal the true nature of this growth form in unsaturated habitats. The studies described here form the basis for investigations into the molecular mechanisms (surface structures, motility, and cell-cell interactions) of unsaturated biofilm biology, which is necessary for better understanding bacterial ecology in terrestrial habitats.
